This study investigates the relationship between placental weight relative to birthweight and risk of stillbirth in non-dysmorphic fetuses C 38 weeks gestation with no evidence of intrauterine growth restriction. This is a retrospective study of stillbirths who underwent post-mortem between 1st Jan 2011 and 31st Dec 2018 in South East Scotland (n = 55). The control group (n = 74) was matched for gestation, age of mother and maternal BMI. There was a significant difference (p = 0.0117) in the mean ratio of birth weight to placental weight (BW:PW) between the stillbirth group (8.17) and control group (7.33). Cases of stillbirths where the mother had reported reduced fetal movements (RFM) had a higher BW:PW compared to controls (p = 0.024). Within the RFM stillbirth group, 5/6 (83%) cases showed significant changes of maternal vascular malperfusion (MVM) and/or fetal vascular malperfusion (FVM); whilst within the RFM control group, 5/15 (33%) cases showed significant changes of MVM and/or FVM. There is a significantly higher BW:PW within the stillbirth group than within the control group, both groups show changes of MVM and/or FVM and our supposition is that these changes have a greater impact on placental reserve when the birthweight is high relative to placental weight. Reduced fetal movements may indicate diminished placental reserve. We propose that the ability to predict a high BW:PW within pregnancies where the mothers report RFM may help to prevent late stillbirth in non-IUGR infants.
Introduction
In 2018, Scotland recorded its lowest stillbirth rate since records began at 3.7/1000 live births [1] . Post-mortem, supplemented by genetic testing, microbiology and detailed placental assessment, is regarded as the gold standard investigation for determining cause of death in stillborn infants [2] [3] [4] [5] and is valuable both in terms of obtaining answers for the family and improving understanding of various causes of fetal demise in utero. A systematic review of placental pathology reported in association with stillbirth showed that the proportion of stillbirths attributed to placental pathology ranged from 11 to 65%, and classification systems that include placental findings reported fewer unexplained stillbirths [3] .
In the last decade, the rate of stillbirth has been falling globally and nationally. In 2017, the Office of National Statistics reported a rate of 4.2/1000 live births for England and Wales with an annual reduction of 1.4% placing the UK in the lowest third of high income countries [6] . In part, the decrease is due to improved surveillance of maternal risk factors, fetal growth and appropriate timely intervention; particularly in cases of IUGR. It is however estimated that a third of stillbirths occur after 37 weeks [7] and a number of studies have shown that, despite extensive investigation, unexplained deaths are more frequent with later gestations [8, 9] .
In the past two decades, there has been increasing interest in the significance of placental weight. A number of studies have shown that the placental weight and placental weight to birth weight ratio (PW:BW) may be predictive of maternal disease, perinatal morbidity and mortality and childhood growth and development [10, 11] . More recent studies have suggested that there may be a relationship between PW:BW and causes of stillbirth [12] but no group has looked specifically at BW:PW in stillbirths C 38 weeks gestation with no evidence of growth restriction [7] .
Following four consecutive cases of well grown, term stillborn infants with small placentas and no identifiable cause of death or maternal risk factors at our institution. We postulate that small placentas relative to birth weight are associated with an increased risk of stillbirth and hypoxic brain injury in pregnancies C 38 weeks gestation with no IUGR. This discrepancy becomes critical as maternal vascular malperfusion (MVM) or other ageing processes further diminish placental reserve.
Methods
We conducted a retrospective case-controlled study of all structurally normal, non-growth restricted stillbirths C 38 weeks gestation born in South East Scotland between 21st Jan 2011 and 31st Dec 2018 who had been referred for post-mortem. In our referral hospitals, reduced fetal movements (RFM) were recorded from 2015. In line with the AFFIRM study mothers were asked to contact the hospital immediately if they perceived RFM, and were reminded of this at each appointment [13, 14] . Kick charts were not used as it was felt more important that mothers became familiar with their baby's movements and note any deviation from what they regarded as normal. This cohort formed the RFM subgroup (criteria for study selection are shown in Fig. 1 ).
We reviewed post-mortem reports and demographic data in line with Caldicott principles. This information was collated with salient clinical history, placental weight, birth weight and pathological findings. In all cases we used the weight recorded at delivery rather than the weight recorded at post-mortem when calculating BW:PW in view of a previous study showing that any delay in carrying out the post-mortem may reduce weight [15] .
This stillbirth data was compared to a cohort of consecutively received placentas C 38 weeks gestation referred for pathological examination in view of possible maternal sepsis (clinical criteria; maternal temp [ 38.5°C ± maternal tachycardia) matched for maternal age and BMI. We excluded cases where there was a history of maternal diabetes mellitus, preeclampsia, fetal growth restriction, premature rupture of membranes and/or pathological cardiotocograph as defined by NICE [16] prior to delivery or where the infant required prolonged admission to the neonatal unit.
The placentas in the stillborn group were examined fresh and blocks taken for histology as follows; Two samples of cord, one sample of membranes and three random blocks of parenchyma. Any macroscopic lesions were also sampled [17] . Placental pathology was broadly categorized into hemorrhage (fetal maternal or abruption), infarction, acute infection, villitis of unknown etiology (VUE), chorangiosis and massive perivillous fibrin deposition (MPVFD), in accordance with Redline's classification [18] . Assigning cause of death to specific lesions can be subjective and requires clinic-pathological correlation. In line with Man et al. [19] we assigned death using criteria for Causes of Death and Associated Conditions [20. ] Cause of death was attributed to feto-maternal haemorrhage if there was a positive and significant Kleihauer test. Abruption or retroplacental haemorrhage, if there was significant crater formation with adherent clot and haemorrhage, if it was temporally related to death. The significance of placental infarction was assessed by the degree of ischaemic type change noted in the background, or infarction [ 50% by volume with evidence of hypoxic lesions at post-mortem. Zones of infarction \ 50% were considered to cause intrauterine compromise but not necessarily death unless there were areas of full thickness infarction associated with haemorrhagic disruption of the basal plate. Acute infection was regarded as causative if there was evidence of infection at autopsy. VUE and occasional foci of fetal vascular malperfusion (previously fetal thrombotic vasculopathy) were considered contributory factors which may inform care in future pregnancies.
All routine placentas, from which the control group was derived, are formalin fixed in 10% buffered formalin solution prior to sectioning whilst stillbirth placentas are examined in the fresh state. In order to remove bias occasioned by this discrepancy we applied a correction factor of 8.4% (the largest value quoted in literature) [21, 22] to all the placentas in the control group; reducing their weight by this factor to allow for the possible increase in weight following formalin fixation.
We analysed BW:PW for all cases in both the stillbirth and the control groups and reviewed the placental pathology for each group.
Data was analysed in Python (version 3.7) using the library Scipy (version 1.2.0). The distribution of values for BW:PW was transformed using a Box-Cox power transformation (call scipy.stats.boxcox()) and examined for normality (call scipy.stats.normaltest()) based on D'Agostino and Pearsons test. Comparison between the groups was then carried out using independent samples t test (call: scipy.stats.ttest_ind()) and a p value threshold of \ 0.05 was used to mark significance.
Results
During the study period 161 cases of non-dysmorphic stillbirths (defined as death C 24 weeks of gestation) presented for post-mortem at this centre. 81 cases occurred at or beyond 38 completed weeks of gestation; 26 cases were excluded due to IUGR (birth weight \ 10th centile-Intergrowth 21st chart [23] ). The remaining 55 cases formed the study's stillbirth cohort (31 females, 24 males). Three babies were macrosomic (weight [ 95th centile) ( Fig. 1 ).
There was a statistically significant difference between the BW:PW of stillborn infants (n = 55) and the control group (n = 74) (p = 0.01). The mean characteristics of both groups are shown in Table 1 .
Significant placental pathology leading to death was noted in 25 cases (45%) summarised in Table 2 . In a further five cases, pathology was noted which may have contributed to the death, including cord anomalies, hypocoiled cord of normal length (n = 3), hypercoiled cord with no associated pathology (n = 1) and extensive perivillous fibrin deposition which fell short of the macroscopic criteria previously described [24] (n = 1). The remaining 25 cases (45%) were unexplained.
Of the 55 stillbirths, 26 occurred during the period (2015 onwards) when maternal perception of reduced fetal movements was recorded: Six cases had repeated episodes of RFM or a single episode more than 2 weeks prior to diagnosis of stillbirth. The remaining 20 cases reported no RFM or RFM only on the day that IUD was diagnosed. Of the cases reporting RFM, 5/6 (83%) showed changes of maternal or fetal vascular malperfusion. Cases in the stillbirth group with no history of RFM or RFM on day of the intrauterine death (IUD) showed more acute pathology e.g. catastrophic haemorrhage and cord anomalies.
Within the stillbirth group the mean BW:PW was higher for those reporting RFM (9.03) than those with no RFM (8.14), but this difference did not reach statistical significance (p = 0.38). In the control group there was no significant difference (p = 0.77) in the mean BW:PW between those reporting RFM (7.23) and those with no RFM (7.38).
However, the BW:PW was higher for stillbirths with RFM (mean 9.03) than all cases without RFM (mean 7.57) (p = 0.05) and there was a significant difference (p = 0.02)between BW:PW for stillbirths with RFM (mean 9.03) and control cases with RFM (mean 7.23). In view of this difference we reviewed the pathology in both groups; Fig. 1 Criteria for study selection. IUGR defined as weight \ 10th centile on Intergrowth 21st Chart-after correcting for gestational age and weight loss post intrauterine demise 83% of cases presenting with RFM in the stillbirth group showed changes of maternal and/or fetal vascular malperfusion compared with 40% of cases in the control group reporting RFM. Delayed villous maturation (distal villous immaturity) [25] and chorangiosis [18] , a marker of hypoxia, were seen more frequently in stillbirth cases with RFM compared to cases in the control group with RFM. The placental pathology findings of the two groups segregated by RFM history are shown in Table 3 .
To evaluate whether stillbirths showed signs of hypoxia as a mechanism of death we reviewed the neuropathological findings. Twenty of the stillbirth cases (42.5%) had detailed neuropathology and 16 (80%) of these showed chronic ischaemic changes, including nuclear breakdown with karyorrhexis, and gliosis within the cortex and brain stem. The remaining 4 cases showed no significant pathological abnormality.
Discussion
A number of studies have looked at placental weight in relation to specific conditions affecting pregnancy or the relationship between placental weight, perinatal outcome and underlying disease [12, 26] . Several studies have shown that there is a positive correlation between placental weight and birth weight which is consistent across a normal population [27] . The PW:BW is altered in complications of pregnancy particularly in fetal growth restriction [28] and there is a correlation between PW:BW ratio \ 10th centile and poor perinatal outcome [29] .
Our study is the first to look specifically at the ratio of birth weight to placental weight in non-dysmorphic, well grown stillbirths C 38 weeks with no evidence of maternal disease and no explanation for the intrauterine death and proposes that babies with no evidence of IUGR may be at risk if the placenta is small relative to birth weight and affected by changes of maternal or fetal vascular malperfusion. We found that BW:PW was significantly higher in the stillborn group even though we were unable to consistently correct for the in utero reduction in weight as a consequence of maceration. As a reduction in weight might be expected with death in utero some while prior to delivery, the BW:PW ratio would have been expected to be even higher in the stillbirth group. Pinar indicated that the time interval between delivery and post mortem may lead to a reduction in weight [15] . The ongoing effect of fluid loss post-delivery in cases of maceration was partly negated in this study by using the delivery weight rather than the one recorded at post-mortem.
Our study showed no specific correlation between placental pathology and BW:PW with 50% of all cases within the stillbirth group and the control group showing changes of maternal/fetal vascular malperfusion (MVM or FVM) [17] . The similarity in pathology between the two groups suggests that changes of MVM may be physiological and related to aging of the placenta.
Our supposition is that physiological changes reduce the functional reserve of the placenta as it progresses to term and beyond and when the placenta is disproportionately small for the size of the fetus may lead to critical compromise and hypoxic episodes in utero. In keeping with this, 80% of stillbirth cases undergoing neuropathological examination showed changes of chronic intrauterine hypoxia. We further analysed this data with reference to RFM but owing to the small numbers within the study we cannot comment further on the relationship between RFM and hypoxia; though it is interesting to note that chorangiosis, regarded as a marker of hypoxia was seen more frequently in stillbirths with previously reported RFM. This requires further prospective study.
Our findings corroborate those of Janthanaphan et al. who noted that raised BW:PW (PW:BW, 10th centile) is associated with poor perinatal outcome. This leads us to ask how we might predict falling/diminished placental reserve? Could maternal perception of reduced fetal movements (RFM) help to distinguish the ''at risk'' population?
In recent years there has been increased interest in RFM as a possible marker of intrauterine compromise and placental insufficiency [30.] In our study 6 cases of stillbirth presented with maternal perception of reduced fetal movements but with no other significant markers of compromise e.g. pathological CTG, fetal growth restriction or decreased liquor volume. There was a nominally significant difference (p = 0.05) in BW:PW between those in the stillbirth group reporting RFM (mean 9.03) and all the other cases without RFM (7.57) and also between those reporting RFM in the stillbirth group (mean 9.03) and those with RFM in the control group (mean 7.23) (p = 0.02). Further, in contrast to the findings of Winje et al. [31] which found no correlation with placental pathology and RFM, we found that changes of fetal vascular malperfusion, chorangiosis and delayed maturation of the villi were all seen more frequently in cases reporting RFM particularly within the stillbirth group.
These findings suggest the presence of a subgroup of fetuses at risk of stillbirth where mothers report RFM with a high BW:PW. This subgroup is at greater risk of agerelated ischaemic type change as the already small placenta is put under strain by the third trimester fetal growth. This highlights the possibility of RFM acting as a sign of intra uterine compromise.
The implication of this study would be to consider induction of labour in women reporting multiple episodes of RFM where the baby is large in relation to the placental size. But how should such women be selected and how will clinicians identify small placental size relative to predicted fetal birth weight? Improved understanding of the fetoplacental unit is required in order to examine how and when this unit is critically compromised. There have been few studies looking at placental reserve markers in the aging placenta in the clinical setting and its relationship to fetal death [32] . Dutton et al. [33] demonstrated that serum human placental lactogen was closely related to placental weight; therefore basing delivery on placental hormone levels may be an option though Heazell et al. [34] concluded that there was insufficient evidence to draw a conclusion about the efficacy of such an approach. Further studies are required, to assess markers or early predictors of falling placental reserve alongside assessment of placental size relative to body weight in patients reporting reduced fetal movements. This might include specific placental biomarkers (e.g. placental growth factor (PlGF), human chorionic gonadotrophin (hCG), plasma protein A (PAPP-A), placental protein 13 (PP-13), pregnancy-specific glycoproteins and progesterone metabolites) alongside USS evaluation of fetal weight.
Strengths
Placental pathology was reviewed alongside BW:PW in the study group and compared with matched controls. Neuropathology was included as a marker of intrauterine hypoxia. Cases came from four local health boards and hospitals which reduces the effect of local policies on decision making. The stillbirth post-mortem rate was high with [ 90% of stillbirths undergoing autopsy which serves to mitigate against selection bias. Access to electronic records allowed us to fully screen our control group.
Limitations
As this was a retrospective study, data sets were not always complete particularly with regard to recording detailed placental pathology in the control group. The placentas from the control group were fixed in paraffin and thus the weight needed to be corrected based on best available evidence. Future studies in this field would benefit from comparison of fresh placentas for both groups. We accept that this is a small study and the subjective nature of perceived RFM will require a larger study to achieve reasonable confidence levels for results.
Conclusions
Our study suggests that an ability to accurately assess placental weight and functionality in relation to infant birth weight and recording of perceived RFM may help to identify a sub-group of non-dysmorphic and non-growth restricted infants at risk of stillbirth. Timely and appropriate intervention C 38 weeks could be guided by a better understanding of this phenomenon. The use and identification of biomarkers associated with falling placental reserve at C 38 weeks and assessment of placental and fetal weight by MRI or USS might provide further insight into this phenomenon and allow us to identify this ''at risk'' group. This paper may help to inform future research.
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